The paper presents a signal processing system used for nitrogen dioxide detection employing cavity enhanced absorption spectroscopy. In this system, the absorbing gas concentration is determined by the measurement of a decay time of a light pulse trapped in a cavity.
Introduction
Among many spectroscopic methods used for trace gas analysis, a cavity ring down spectroscopy (CRDS) seems to be one of the most sensitive methods. This technique bases on the phenomenon of light trapping inside an optical cavity composed of two mirrors characterized by the high reflectivity coefficient (R > 99.99%).
CRDS was proposed by Herbelin who used this method for a mirror refraction measurement [1] . Next, O'Keefe and Deacon applied CRDS to determine the gas absorption coefficient [2] .
In this method, a pulse of the laser light is injected into an optical cavity (resonator) equipped with spherical and high reflectance mirrors (Fig. 1) . The pulse yields to multiple reflections in the resonator. After each reflection, a part of the laser light leaves a resonator because of the lack of 100% mirrors reflectivity. The part of light leaving the cavity is registered by a photoreceiver. The amplitude of this signal decreases exponentially 
where I 0 is the initial intensity, c is the light speed, and a is the absorption coefficient [3] .
A speed of the decay intensity I(t) of the pulse of the laser light is dependent on the mirrors reflectivity coefficient R, the resonator length L, diffraction losses, and extinction, that is absorption and scattering of light in the absorber filled cavity. Therefore, by measuring resonator quality, determination of an absorption coefficient is possible. The resonator quality can be determined by a measurement of the radiation decay time constant t
The decay time t is measured once when the cavity is empty (a = 0), and next when the cavity is filled with the absorber (a > 0). By comparison of the decay times for these two cases, a value of the absorber concentration N can be found 420
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where s is the absorption cross section (the parameter refers to the ability of a particular molecule to absorb a photon of a particular wavelength in the units of cm 2 ), t 0 and t are the time constants of the exponential decay of the output signal for empty resonator and for the resonator filled with the absorber, respectively. Detection limit in the CRDS method depends on the laser beam quality, optical alignment, mechanical and thermal stabilities, aerosols and Rayleigh scattering, and the mirrors contamination. Assuming that a relative precision of the CRDS time determination is equal to
the detectable concentration limit N Limit is described by the formula
Cavity enhanced absorption spectroscopy (CEAS) technique is a modification of CRDS technique. It bases on off-axis arrangement of the optical cavity (Fig. 2) . Because of its advantages, CEAS has becoming a widely used technique in the optical absorption analysis of atoms and molecules [4, 5] .
In practical implementation, CEAS with an off-axis cavity adjusting is much less sensitive for the cavity misalignment, caused, e.g., by the refractive index fluctuations due to turbulences or small mechanical instabilities, than CRDS. The CRDS experiment requires that the frequency of a probing laser mode must be well matched to a longitudinal cavity mode to ensure appropriate storing of light in the resonator. Therefore, when single mode lasers are used, good electronic stabilization and synchronization of the cavity and the laser frequency are necessary.
Furthermore, the off-axis design in CEAS technique eliminates optical feedback from the cavity to the light source (which is especially destructive for diode lasers stability).
Theoretical analysis
CRDS and CEAS methods require application of stable optical cavities. The most popular are confocal ones the length of which is not longer than one meter.
Usually, for the cavities, such parameters like, e.g., the finesse F, the time of a photon life t p , the transmission function T(R,f), and the signal-to-noise ratio S N cv cv are determined [6] .
The finesse F characterizes quality of the cavity and determines an effective number of a roundtrip of optical radiation in the cavity up to its energy reaching the level of 1/e. The finesse F can be found from the formula
The time of a photon life is described by the equation
where n is the refractive index. Transmission function of the optical cavity is known as the Airy's formula. It has the following form
where f is the radiation phase shift during one roundtrip inside the cavity
and l is the optical radiation wavelength. The graphical representation of Eq. (8) is presented in Fig. 3 . It shows strong influence of the mirrors reflectivity on selectivity of an optical cavity. The transmission of the cavity is maximum wherever is the integral multiple of 2ð.
The optical cavity signal-to-noise ratio (S cv /N cv ) is connected with its transmission function. S cv /N cv is directly proportional to the power of radiation matched to the transmission function of a cavity and to an absorption band of the examined gas. However, S cv /N cv is inversely proportional to the power of undesirable radiation transmitted through a cavity because of non-zero values of the mirrors' transmissions. The formula describing a signal-to-noise ratio of the cavity is
The values of parameters described above are presented in Table 1 . It was assumed, that a length of the optical cavity, consisted of two concave mirrors with the reflectivity 0.999976, is 0.6 m. Determination of S/N is important for appropriate developing of a signal processing system. However, S cv /N cv of the optical cavity has a very high value. So, the signal-to-noise ratio of a CEAS system will be depended on S/N electronic circuits.
A typical scheme of a signal processing system of a CEAS sensor is presented in Fig. 4 .
The optical signal from the cavity is registered by a photodetector. It is often a photomultiplier (PMT). Nowadays, photomultipliers are characterized by high gain, high speed, low dark current, and small dimensions. In the case of CEAS system application, photomultipliers have significantly better parameters in comparison with, e.g., silicon avalanche photodiodes (APD). In Table 2 , the main parameters of APD S8664-1010 type (Hamamatsu) and PMT R7518 type (Hamamatsu) are presented. Both photodetectors were selected for ë = 410 nm.
The most important parameter of the signal processing system is its signal-to-noise ratio [7] [8] [9] . To determine its value, PMT equivalent scheme is necessary. The scheme is presented in Fig. 5 . The current source I s represents the current of useful signal, R Ph and C Ph are the resistance and capacitance of a photomultiplier, respectively.
PMT noise sources are the following, the current source I ns represents the shot noise from useful signal, the current source I nd represents shot noise of anode dark current, I nb is the current sources of noise from background radiation, and I nRL is the thermal noise of load resistance.
In the case, when all the described noise sources will be taken into consideration, PMT signal-to-noise ratio can be determined by the formula 
Assuming, that in lab experiments the background noise can be eliminated, and a photoemission process will be described by the Poisson model, and all stages of PMT will have the same gain, then
, (12) where P S is the power of optical radiation, G Ph is the PMT gain, S Ph is the photocathode sensitivity, q is the electron charge, Äf n is the noise bandwidth, I da is the anode dark current, ä is one stage of the PMT gain, k is the Boltzmann constant, and T 0 is the temperature [10] .
The noise bandwidth can be determined from the formula
where Äf 3dB represents 3-dB frequency bandwidth. Usually, only a few photons reach a PMT. In the case when two photoelectrons are emitted from PMT photocathode and assuming the data from 50 Ù (e.g., oscilloscope input resistance). So, despite the high value of PMT signal-to-noise ratio, it is necessary to use the preamplifier. The preamplifier has to amplify a signal and it should not insert additional distortions. PMT can be treated as a current source, so the best preamplifier configuration is a transimpedance preamplifier. Such kind of a configuration is characterized by a wide dynamic range. Moreover, its input circuit does not affect photodetector polarization. The scheme of a transimpedance preamplifier is presented in Fig. 6 .
In the case when one photoelectron is emitted by PMT photocathode, the output voltage signal of a transimpedance preamplifier can be described by the formula
where ¢ C Z is PMT and a load circuit equivalent capacitance located in a feedback circuit and t i is PMT pulse duration [11] .
Miller theorem said that ¢ C Z is (G OL + 1) times lower then C Z (G OL is the amplifier open-loop gain). However, in the appropriate developed circuit, the value of ¢ C Z is not lower than 0.1 pF. In Fig. 7 , dependence of the output signal on R f and time is showed. The calculations were performed for ¢ C Z = 0.3 pF and t i = 5 ns. Analysis showed, that increase in R f caused that the output pulse duration is longer and longer. Because of this, to reach a high value of gain and to avoid signal distortion, next stage of the amplifier should be used. Because of low output resistance of the transimpedance preamplifier (< 50 Ù), a voltage amplifier can be used.
To determine S/N of the first stage of a photoreceiver, it is necessary to develop its equivalent scheme. The scheme is presented in Fig. 8 .
Noise of an operational amplifier is represented by the voltage source V nopa and the current source I nopa . The noise source I nPh is equivalent to PMT noise. In this case, the total current noise I n is described by the formula 
where V nRf is the thermal noise determined by the equation
The output voltage noise of the transimpedance preamplifier can be defined as
Assuming, that in the transimpedance preamplifier, the operational amplifier AD8038 (analogue devices) is used, a value of S/N of the first stage of the photoreceiver calculated from Eq. 
is equal to 115. Usually, the amplified signal from the preamplifier is fed to an analogue digital converter (ADC). This circuit also adds its noise. Assuming a 12-bit ADC and the same quantization steps ä AC , its noise can be determined by the formula 
1.2×10 7 
where 
The value of S AC /N AC calculated from Eq. (20) amounts 106.
In Fig. 9 , ADC noise, preamplifier noise and PMT noise for different values of R f were presented.
In the case of R f = 100 Ù, the highest influence on the total electronic system noise has a preamplifier noise of 92%. However, increase in R f caused decrease in influence preamplifier noise on the total signal processing system noise. For R f = 100 kÙ, the noise of PMT is equal to 93% of the total signal processing system noise, and preamplifier only~6%. ADC noise is below 8%.
Furthermore, the value of R f has also strong influence on a bandwidth of the system. In Fig. 10 , the dependence S/N of the signal processing system and a preamplifier output pulse fall time on the R f were presented.
The analysis showed, that for R f = 10 kÙ, S/N of the signal processing system reaches the value 57 dB. However, the pulse fall time amounts up to 15 ns. In a practical realization, R f is likely to need to be decreased because of additional assembly capitations causing next signal distortions. S/N of the CEAS system can be additionally improved by the use of one of the advanced methods of signal detection, i.e., coherent averaging. This technique can be implemented in the software of a digital processing circuit. The software is usually installed in a personal computer. Thanks to this, increase in S/N is directly proportional to a root of a number of the averaging samples n smpl , 
Assuming n smpl = 10 000 and R f = 100 Ù, a signal-tonoise ratio of a signal processing system with coherent averaging S C /N C is equal to 1.1×10 4 .
Experiment
Ones of the most important preamplifier parameters are its gain and next its bandwidth. Therefore the response to a pulse signal from PMT was examined.
In Fig. 11 , the CEAS system is presented. The diode laser of VLMB1 type (TopGaN) was used. It generates the radiation pulses (414 nm) with a duration time of about 50 ns and a repetition rate of 10 kHz while their peak power was about 0.2 W. The laser beam was directed to the cavity using the diffraction grating and the mirror. The diffraction grating splits the light beam and eliminates the broadband fluorescence of the diode which could affect the output signal. In the cavity, two mirrors (Los Gatos), the reflectivity of which reached the value of 0.999976 at the wavelength of 414 nm, were applied. Their radius of curvature was 1 m, while the distance between them was 50 cm. The output signal was detected by a photomultiplier equipped with the interference filter, the bandpass of which was well matched to the laser line. The signal was recorded by the fast digital oscilloscope of TDS3052 type (Tektronix).
However, in measurements of the preamplifier parameters, instead of optical cavity the dispersive element was used.
The experiment was performed for the following values of R f , 0 Ù, 100 Ù, and 600 Ù. In Fig. 12 , the data from the oscilloscope are presented. The best gain obviously was reached for R f = 600 Ù. However, for this value of R f , the fall time and rise time of the output pulse were the longest ones (Fig. 12) .
The best time parameters were not reached for R f = 0 Ù because the input circuit of the oscilloscope directly and unfavourably influences the output signal from PMT. Figure  13 shows that the shortest pulse rise time and pulse fall time are for R f = 100 Ù.
In Table 4 , the pulse duration, pulse fall time, and pulse rise time for different values of R f are put together. Next, important amplifier parameter is its signal-tonoise ratio. In order to determine it, the noise measurements were necessary. The photography of lab setup for noise measurements is presented in Fig. 14.
In the range of frequency from 0 to 25 Hz, the noise measurements were performed by the spectrum analyzer SR 770 type (Stanford Research).
Measurement outcomes are presented in Fig. 15 . The noise of 1/f type had a decisive influence on the voltage noise of the first stage of photoreceiver. The voltage noise of above 20 Hz has decreased below a value of 1 ìV.
In order to determine the current noise of PMT origin and the current noise of preamplifier origin, noise measurements using Lock-In SR850 type (Stanford Research) were carried out.
The current noise measurements were carried out at two stages. At the first stage, the preamplifier output voltage noise V' no was measured. In this case, the input element was the low noise resistor R d with the resistance value comparable to PMT resistance. The value of the current noise of R d was calculated from the formula Next, the preamplifier input current noise I ni was determined from the equation
where ¢ I n is the current noise calculated from Eq. (17). At the second stage, in place of a resistor, PMT was connected. Then, the preamplifier output voltage noise ¢¢ V no was measured again. The value of the current noise of PMT (I nPh ) was calculated from the formula
where ¢¢ I n is the current noise calculated from Eq. (17). The results of PMT, transimpedance preamplifier and the total first stage of photoreceiver noise measurements are presented in Fig. 16 . Figure 16 shows that the noise of the transimpedance preamplifier had significant influence on the total first stage of the photoreceiver noise. The current noise of the preamplifier reached~90% of the total noise current, independently of frequency (Fig. 17) .
The results of theoretical analyses of a signal processing system were confirmed by the results of investigations of its parameters.
Measurements, which were necessary for S/N determination, were carried out on the setup presented in Fig. 11 . The useful signal integration process was carried out for determination of the signal power. Numerical analyses were performed using Microcal Origin software (version 6.0). In the integration process, a trapezium method was used. However, the noise power was represented by signal variance.
Signal-to-noise ratio of the developed signal processing system with coherent averaging of 10 000 samples reached the value of 1394.
The coherent averaging technique was implemented in the CEAS system controlling software. The software was developed using LabVIEW 7.1 (National Instruments). Furthermore, the developed software makes possible exponential fitting of the averaged signals. Next, the signal decay time and concentration of the investigated gas are determined.
Thanks to the developed signal processing system, uncertainty of decay time determination reached the values below 0.2% (already for 10000 averaging samples). Hence, detection limit achieves the value of 2.8×10 -9 cm -1 [Eq. (5)], and uncertainty of concentration determination reached the value of 0.3%.
Conclusions
In this paper, signal processing system, used in cavity enhanced absorption spectroscopy technique, was shown. This method can be easily applied for construction of fully optoelectronic and portable nitrogen dioxide sensor, the detection limit of which can be comparable with the detection limits of chemical detectors.
In the experiments, the pulsed diode laser was applied. Such solution simplifies the sensor construction. The resonator quality was determined by measuring the time of the imprisonment optical radiation. The measurements are not sensitive to the laser power fluctuation and photodetector sensitivity fluctuation.
Experiments with a simple electronic circuit (only PMT with a digital oscilloscope) showed the detection limit of the absorption coefficient reaching about 10 -8 cm -1 . However, application of specialized electronic devices caused that the uncertainty of the decay time measurements increased and the detection limit reached the value of 2.8×10 -9 cm -1 . This sensitivity is comparable with the sensitivity of chemical analyzers.
Thanks to the theoretical analyses, the main parameters of the optical cavity and the signal processing system, especially signal-to-noise ratio, were developed. This system ensures registration of low level signals, and the decay time measurements with the uncertainty below 0.2%. The system consists of PMT (R7518 type, Hamamatsu), low noise transimpedance preamplifier (with operational amplifier AD8038 type, Analogue Devices), and 12-bit digital signal processing circuit with the implemented coherent averaging technique.
The features of the designed sensor show that it is possible to build portable NO 2 sensor, the sensitivity of which could be comparable with that of chemical detectors. Such kind of the system has several advantages such as relatively low price, small size and weight, and possibility of detection of other gases.
Moreover, that shows promising opportunities for the future development of optoelectronic sensors for detection of trace concentrations of different dangerous gases.
